Growth rate of 12 groups of common carp was measured at five experimental environments. Three of the 12 tested groups were strains of the domesticated European race of the common carp, one group was a representative of the Big-Belly Chinese race, and the remaining eight groups were F1 crossbreds among the European strains and between the European and the Chinese races. The average growth rate over the five environments of the Chinese Big-Belly was considerably poorer than that of the European carp. All the inter-race crossbreds and the crossbreds among the European strains showed heterosis.
INTRODUCTION
THE common carp (Cyprinus carpio L.) has been cultivated in ponds in China as a food fish for nearly three thousand years (Hoffman, 1934) . Its present cultivation extends throughout mainland China and South-East Asia (Bardach, Ryther and McLarney, 1972) . In Europe the common carp has been cultivated in ponds for several hundred years (Hickling, 1962) , and its present cultivation extends from Siberia (Kirpichnikov, 1971) to the Mediterranean (Bentram, 1946) . The Chinese and European races of the common carp have been separated from each other for a very long time, and they are known to differ in many characteristics, among them: body shape, growth rate, seine escapability, fecundity and hardiness (Lin, personal communication) .
In Israel carp farming was initiated in 1939 through a number of introductions, mainly from Europe (Tal and Sheluvsky, 1952; Yashouv, 1955; Moav, Wohlfarth and Lahman, 1964) . Commercial breeding of carp in Israel is based on strain crossing and testing, in this way, exploiting the high degree, of heterosis for growth rate found in carp (Wohlfarth, Lahman, 823 Moav and Ankorion, 1965) . The first commercially useful F1 crossbred was found in 1960. Since then an extensive crossing and testing programme has turned up several equally successful crossbreds, but none that surpassed the first successful crossbred of 1960. Until 1970 our testing was limited to the Israeli carp population with the exception of one introduction from the Netherlands (Moav et al., 1964) . In an attempt to broaden the genetic base of our testing programme new introductions were made from Taiwan and Yugoslavia. The two imported stocks, two local stocks and eight crossbreds were tested in 1971 under varying environmental conditions. In this paper we report on differences in growth rate between the various strains and their crosses as a function of the quality of the environment. The genotypeenvironment interactions are analysed in terms of scale effects and specific responsiveness, and the evolutionary implications of the differences between the European and Chinese carp are discussed.
THE GENETIC STOCKS
Four genetically distinct closed groups and eight crossbreds were tested in the present experiment (table 1). One of the four closed groups (strains) Gan-Shmuel * All the listed Gold plus Blue males and females were used in a single spawn. Gold x Gold produced Gold offsprings (G), Goldx Blue produced normally coloured crossbreds L, and Blue x Blue produced Blue offsprings that did not participate in the tests.
t The group V is a widely used commercial crossbred that resulted from a three-way cross between a local crossbred designated T, and a strain imported from Holland.
was the Chinese Big-Belly carp, and the remaining three (Xalice, Gold and Dor-70) belonged to the European race of the common carp. Description of these four groups follows:
(i) Group 1-the Chinese carp, (RB) This group was sent to us as fry from Taiwan in 1970. It has a Chinese origin and is known as the Big-Belly carp. Its full scale cover (wild-type) differs from the mirror scales pattern of the European domesticated carp by .a single dominant allele (Kirpichnikov, 1971) . At sexual maturity the fish are so full of gametes that their bellies appear inflated, hence the name Big-Belly. This is, apparently, the only race of common carp grown by the Chinese fish farmers and it is widely distributed over Mainland China, Taiwan, Hong Kong, Singapore, Thailand, Malaysia and other Far-Eastern countries (Hoffman, 1934; Hickling, 1962; Alikunhi, 1966; Bardach et al., 1972; Lin, personal communication) .
(ii) Group 2-J'/asice, (J\fas) This group was also sent to us, from Yugoslavia, as fry, in 1970. It belongs to a selected inbred strain of carp known as J'faice (Fijan, personal communication), which has an outstandingly high ratio of height to length. This characteristic was selected because it was considered desirable for cultivated carp. A high proportion of the J'faice introductants showed skeletal deformations-a probable result of their high degree of inbreeding.
(iii) Group 3-Gold, (G) Gold body colouration in carp is controlled by a single recessive gene (Wohlfarth and Moav, 1970) . Gold individuals were found in the fish farm of Maagan-Michael in Israel in 1963. They were transferred to Dor and became founders of the inbred line called Gold.
(iv) (Dor) This group was developed at Dor from a selection experiment for fast growth rate initiated in 1965 and carried out until 1970. Since 1965 it has been kept as a closed population.
The remaining eight groups participating in the present tests were crossbreds: 1 x2, lx 3, and 1 x4 (table 1) were F1 crossbreds between the Big-Belly, and the three European groups, while groups 2 x 3, 2 x 4, and 3 x 4 were F1 crossbreds between the European groups. Group 9 was a commercial F1 crossbred between the Gold inbred and another local inbred group marked by two recessive body colouration genes Blue and Grey (Wohlfarth and Moav, 1970) . Note that groups 3 (Gold) and L (a commercial crossbred) were derived from a single spawn whose offspring segregated into three groups, distinguishable by their body colouration: Gold inbreds, Blue-Grey inbreds and Gold x Blue-Grey crossbreds (L). Since the three genetic markers are recessive, the crossbreds had the wildtype colour. Only the Gold parent and the crossbred segregants were introduced into the present tests. One of the parents of the last group (V, another commercial crossbred) was introduced to Israel from Holland and the second parent (T) was an excellent local crossbred. V has been the most widely used commercial crossbred in Israel since 1965. The two commercial crossbreds (L and V) served as a control for comparison of the present results with those of earlier tests.
EXPERIMENTAL PROCEDURES (i) Spawning and growing offry
The male and the female parents of the various breeding stocks were maintained throughout the winter (November to April) in separate ponds.
Towards the end of April they were introduced into spawning ponds filled with fresh water. As a rule, the fish spawned within 24 hours, and hatching started 2 days later. When the fry reached the minimal size permitting their handling (about 0l g), random samples of each spawn were transferred to separate nursery ponds where they were raised to a size enabling their marking (20 to 30 g). After marking by branding (Moav, Wohlfarth and Lahman, 1 960a and b), they were ready for the comparative tests carried out in mixed ponds (Moav and Wohlfarth, 1973) .
(ii) The experimental ponds and their management
Counted and weighed samples of marked fingerlings of each group were stocked all mixed together into a series of replicated mixed ponds filled with fresh water. Sixteen mixed ponds were located at Dor. These were all small ponds of 400 m2. Two larger ponds were located at the fish farms Yehiam and Gan-Shmuel (Wohlfarth et al., 1965) . At Dor the fish were fed daily with fodder pellets and at the fish farms with grains. At 2-week intervals each pond was seined and the caught fish sorted according to their brand marks. Each group was counted and weighed separately and returned to the pond. This procedure enabled the measurement of growth curves and seine escapability of the tested groups (Moav and Wohlfarth, 1970) . The tests started at the beginning of July and were terminated in November. Upon termination of the experiment the ponds were completely drained and all the fish were counted and weighed according to progeny and sex.
(iii) Correction for differences in initial weight Table 2 shows the variation in mean initial weights between the 12 tested groups (11.1 g to 28•2 g). These differences were due, primarily, to random variation in stocking density and fertility of the nursery ponds. Since weight gain is highly correlated with body weight, the groups with higher mean initial weights tend to show larger weight gains than those with lower initial weights. To correct for this bias the following transformation of weight gains was used (Wohlfarth and Moav, 1972) .
Where Y = corrected weight gain, = observed weight gain, b = the coefficient of the linear regression of weight gain on initial weight (the correction term), x = initial weight, x. = mean initial weight of all the tested groups.
Weight gains corrected in this way have been shown to be independent of variation in initial weight and may, therefore, serve as an estimate of the growth capacity of the tested stocks. In the present tests an estimate of the correlation coefficient between the initial weights and corrected weight gains was 009. The 16 experimental ponds at Dor were divided into four sets of four ponds per set, each set receiving a different treatment of water management and fish density. Water management had two levels: standing water and recirculating water. Stocking density had three levels: low (125 fish per pond), medium (265 fish per pond) and high (426 fish per pond). After the completion of the experiment it was found that water recirculation had = "interaction" MS of a " Randomised Block" design.
no effect on growth rate (due to technical difficulties the recirculation was rather limited), hence this factor was ignored. The eight ponds with medium density were divided into two equal sets, one set, henceforth called "environment 2" included the four ponds with the lower weight gains and the second set-" environment 3 "-included the four ponds with the higher weight gains. The set of four ponds with the high density was called "environment 1 " and the set with the low density "environment 4 ". Note that the difference between treatments 2 and 3 was due to chance variation in fish density caused by mortality, errors, predation and pond fertility.
ANALYSIS
Following the notations of Moav and Wohlfarth (1974) , the mean performance (corrected weight gain) of the jth genotype in the ith environment may be presented by the following equation:
= p+g+(1+fl)a1+öj+e,1
( 1) when, ji is the overall mean; g5 is the mean deviation of the jth genotype (group); a is the deviation of the ith environment, or the "environmental effect "; (1 + f3) is the coefficient of regression of groupj on environment i; /3 being the coefficient of regression of the genotype-environment interaction effect (GE) on the environment; ö is the non-linear component of GE which is linearly independent of a, and e5 is the residual " error" associated with Y.
Except for the different notations, equation 1 is identical to that of Perkins and Jinks (1968) and several subsequent workers (i.e. Hill and Samuel, 1971; Fripp, 1972; Freeman, 1973; and others) . The present $. is identical to $ of Perkins and Jinks (1968) and (1 +$) is identical to b of Finlay and Wilkinson (1963) .
J3 may be divided into two components: a scale effect caused by the correlation between the intra-environment variation and the environment's mean, and a second component of responsiveness (sensitivity) to an underlying environmental variable that cannot be expressed as a scale function (Dickerson, 1962; Moav and Wohlfarth, 1974) . Thus, = when s is a scale effect and $ = (l3 -sg) measures the specific responsiveness, i.e. it is a function of the environment after elimination of the scale effect.
Substitution into equation I and pooling the last two terms (ö = 5 + e) yields (after Moav and Wohlfarth, 1974) 
Separation of the term sg5a is basically identical to the method used by Tukey (1949) when he developed a procedure for testing for the presence of non-additivity in a two-way Analysis of Variance data.
Positive correlation between an environment's mean performance (/2 + a) and a linear responsiveness to the environment (fly of equation 1) has been found in numerous studies of both plants and animals (for example: Dickerson, 1962; Perkins and Jinks, 1968; Bucio-Alanis et al., 1969; Fripp and Caten, 1971; Hill and Samuel, 1971; Paroda and Hayes, 1971) .
Several authors expressed the need for separation of the scale effect (sg5) from the independent or specific responsiveness regression ($',). When J3 = 0, specific interaction is absent; f3> 1 indicates specific adaptation to improved environment (responsiveness to increased inputs) and fl<1 indicates specific adaptation (tolerance) to poor environmental circumstances.
The (1 + $) of equation 1 was estimated separately for each one of the 12 tested groups by computing the regression coefficients of corrected weight gains (Y5) on the environmental means (Ye.) following the procedure suggested by Bucio-Alanis (1966) . Here, the fact that Y is non-independent of Y1. presents a statistical problem (Freeman and Perkins, 1971; Perkins and Jinks, 1973) in that, the computed regression tends to be an underestimate of (1 + $). However, it has been found that the bias becomes smaller with increased number of tested genotypes (Fripp, 1972; Hardwick and Wood, 1972; Freeman, 1973) . Thus, under the common assumptions of "fixed effects " (model I) Analysis of Variance, the expectation of b5 (the leastsquares regression of l'j5 on Y1.) for a given j is,
J when J is the number of tested genotypes. This relationship was similarly shown by Hardwick and Wood (1972, fig. 1 ). The scale parameter s may Fin. 1.-Weight gains of the 12 tested groups expressed as deviations from the five environmental treatment means, and from the overall mean. (The weight gains were corrected for differences in initial weights (table 2) 
The expectation of being,
Hence, tends to be an under-estimate of s. Another approach to the estimation of s is to make use of the finding that the coefficient of variation of the genotypes means within all the five environments were almost identical (table 2, last row). In other words, the differences between the groups means in each environment were proportional to the environment's mean. Consequently,
and its estimate, '2 is, S2.
As was already explained, E(b) has two components (equation 3). The first (1 + sg1) is due to the average genotype (g5) and its scale effect, and the second (fl,) is due to an independent sensitivity (responsiveness). b was partitioned, accordingly, into
and fl = (by-5) = an estimate of fl.
Two estimates of b. were made, employing, respectively, the two different estimates of s (equations 4 and 7).
EXPERIMENTAL RESULTS (i) Average weight gains
Weight gains (corrected for differences in initial weights) of the twelve tested groups of carp are presented in table 2 and in fig. 1 , according to the four "treatments " at Dor (four ponds per treatment), plus the pond of Yehiam. In order to emphasise the differences between the groups, the column heights of fig. I (ii) Genotype-environment interactions
The four environmental treatments of Dor plus the pond of Yehiam constituted five different environments. The quality of the environment was measured by the average performance (weight gain) of all the tested genotypes in each environment. Thus, the best environment (treatment 4, 778 g) was more than twice as good as the poorest environment (treatment 1, 349 g). The presence of genotype-environment interactions is clearly seen in fig. 1 from the differences in ranking of the tested groups at the different environments, especially striking are the differences between the extreme treatments 1 and 4. The environment effect (at) plus the genotype-environment interaction (GE) components were partitioned according to equation 2. b1 (equation 3) the linear regression coefficient of weight gain (Y5) on the environments means (Y ) served as a measured of the overall responsiveness (sensitivity) of each group to the quality of the environment, as was explained in the section "Analysis ". The 12 computed b/s are listed in the fifth column from left of table 3. The coefficients of correlation between the groups weight gains (Y1) and the mean weight gain of the environments (Ye.) were higher than 099 in all the groups. This shows that the assumption of linearity of the function of the environment for all the groups was amply justified. Fig. 2 illustrates these functions for most of the tested groups. Fig. 2A illustrates the regressions of the three strains Big-Belly, J'faiice and Dor-70 plus the two crossbreds Big-Belly x Xasice and Dor-70 x J'fas'ice. The third cross Big-Belly x Dor-70 was omitted because it was very similar to the cross Big-Belly x Xaice. Each one of the figs. 2B and 2C shows two European strains and the crossbred between them. From these figures and column 5 of table 3 we see that the purebred Big-Belly and its three crossbreds with European carp all had b values smaller than one, while all the European groups had values around, or higher, than one. This indicates that the Big-Belly is specifically adapted to poor conditions while the European carp is relatively more adapted to environments of higher quality. The intersection of the regression lines of J'faJice and the Big-Belly ( fig. 2A) is a good demonstration of reversed adaptations.
The overall function of the environment (ba) was partitioned into a scale function (1 + sg1, equations 2 and 3) and specific adaptation independent of and Y. appears directly in equation 7. When the environments presented in a given test can be justifiably considered to be a random sample of environments drawn from a definable population of environments then there is no ambiguity about the choice of Y as an estimate of t. When, however, this condition is not met, evaluation of s at the point V is not necessarily the best choice. For trivial causes three of the five environmental treatments of the present study fell below the mean (table 2), therefore the overall mean (494 g) does not coincide with the mid-range point (565 g) and evaluation of s at the mid-range appears at least as reasonable as evaluation at the mean (Y).
Since a clear criterion for choice was not evident, evaluation was made at the two points, and at each point by two methods of estimation, namely .t The twelve tested groups included four strains (European: J'Taiice, Gold, Dor-70; and Chinese: Big-Belly) and six crossbreds between them. To evaluate the heterosis (potence) of growth rate (measured by corrected weight gains), the difference between each pair of parental groups at each environment, was divided by two and designated A. (A1 = deviation of the parent with the higher value from the mid-parental value evaluated at the ith environment). Similarly, the deviation of the crossbred from the mid-parental value was designated D1 and the ratio DJA1 served as a measure of relative potence at the ith environment (Bucio-Alanis et at., 1969). Bucio-Alanis et al. (1969) and Knight (1973) showed how the potence ratio changes as a function of the quality of the environment. When D and A are defined at the overall mean (t), a is the environmental deviation (equation 1), I3h and /J are, respectively, the deviations of the response parameter /3 (equation 1) of the crossbred and the parent (j = 1) with the higher performance at the overall mean, and fl12 is the mean response of the two parents.
The response parameter may be further partitioned into its scale cornponent and the specific response (equation 2). Thus, fl=sg+/3, f31=sg1+/31
J3j2=s2+J312
Substitution into the last equation yields the following equation which shows how the above two components contribute to the potence ratio, Table 4 shows the D/A ratios of the six crossbreds evaluated at six environmental points: at the overall mean (Y = 494 g), at environment 1 of Dor (349 g, see table 2), at environment 4 of Dor (778 g), at the mid-range point (565 g) and at two extrapolated points (250 g and 900 g). Evaluation at the first three environments was made directly from the observations, therefore it involved the independent interaction residual component o (equation 2), in addition to the parameters of equation 10. Conversely, evaluation at the last environmental points (250 g, 565 g and 900 g) was made by equation 10, i.e. from the responsiveness functions ( fig. 2 ). Table 4 clearly shows that the mean D/A1 of all the six crosses becomes smaller as the environment improves, but in each cross this ratio has a different function depending on its specific parameters (equation 10). D/A attains its maximal (or minimal) value when A = 0, i.e. when the responsiveness curves ( fig. 2 ) of the two parents intersect. Thus, the maximal D1/A of the crossbred J'faice x Dor-70 is attained at the environmental point 778 g; that of J'[aJice x Gold at 494 g; that of J'/aice x Big-Belly at 349 g and the remaining three crosses reach maximal values at environmental points lower than 250 g. In order to illustrate the relationship of the potence ratio to the quality of the environment, the computed D/A of the two crossbreds )Vaice x Big-Belly (solid lines) and J'Ta'ice x Gold (broken lines) were drawn in fig. 3 together with the observed ratios at the five environmental treatments. The diagrams show the nearly excellent fit of the results to their computed expectations. was found to be in the negative side, that is, in the opposite direction to weight gain and b5 (table 5) . The average potence ratio of (b5 -b) over all the six crosses was -112, indicating heterosis of high adaption (tolerance) to poor environment (low responsiveness). Since the overall responsiveness is the sum of its two components b and J3, and since the potence ratios of the two components have reverse directions of approximately equal magnitudes, therefore the potence ratio of the overall responsiveness b is approximately zero. Note that the crossbreds have been included along with their parents in evaluating the environmental values. It may be argued that this procedure could result in biased estimates of potence ratio. Strictly speaking this objection could result in biased estimates of potence ratio. Strictly speaking this objection may be valid. Yet, we assumed that in the present case, our simplifying procedure should not contribute more than a negligible bias.
To test our assumption, we estimated b5 in exactly the same method used by Bucio-Alanis et al. (1969) . That is, for each crossbred the environmental values were estimated separately, as the means of the respective two parents, and potence ratio was defined as, D = (bh-1) A (b1-1) when bh, and b1 are respectively, the regression coefficients (equation 8) of the crossbred and the parent with the higher value. These estimates are presented in the right-hand column of table 5 under the heading b. We can see that all the six b estimates are very similar to the corresponding b5 estimates (on the left side of table 5). Hence, our use of the crossbreds in evaluating the environmental values did not interfere with estimation of the potence ratios.
DiscussioN
The present discussion is limited to growth rate and its responsiveness to the quality of the environment. The genetic diversity of the European and the Chinese races of carp, their evolution under the widely varying domesti-cation methods, and the implications of these matters to breeding practices will be discussed in the second article of this series.
The differences in growth rate and responsiveness of growth rate to changes in the quality of the environment may be summed up as follows:
(i) The overall response (regression) function of growth rate on the quality of the environment is two to two-and-a-half fold greater in the European than in the Chinese carp (table 3) .
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• --Naiice x Gold -20 -Naiice x Big-Eelly (iii) The Potence Ratio as a function of the quality of the environment had taken the rather complex form of fig. 3 (similar to that shown by Bucio-Alanis et al., 1969) .
(iv) The deviations of the overall regression b, from unity, are partially accounted for by a scale component (b5, equation 8). Note that when scale is the only cause for deviations of the slopes of the response lines from unity, the rankings of the genotypes and their proportional differences remain identical throughout the whole environmental range.
(v) The deviations due to specific adaptation (f3,) have contributed considerably to the variation between the genotypes.
Separation of the overall response function (b1) into its scale and specific adaptation components is essential for an insight into the genetic determination of variation in response to the quality of the environment and under-standing of its evolution. The scale component of responsiveness is completely determined by the average genotype (g1) of growth rate. Hence it does not require a separate genetic control and its evolution can be explained in terms of the relative reproductive fitness of growth rate. Faster growth rate appears to be a major component of high reproductive fitness in carp, and this can explain the high degree of dominance in this direction (Moav and Wohlfarth, 1973) . Since the scale function b, is fully determined by mean growth rate (equation 8), the dominance magnitude and direction of the former are fully accounted for by those of the latter. On the other hand, specific tolerance to poor environment (/3, equations 2 and 9) has a different and at least partially independent, genetic control than does average growth rate. Here we should expect low values of I3, (corresponding to high tolerance to poor environment) to be correlated with high reproductive fitness, and this is exactly what has been found (table 5) . Thus, we can understand why the dominance direction of b and are in opposite directions, and why their combination-the overall responsiveness (f3) appears to be genetically additive.
Selection operates on the overall responsiveness $ rather than on its components, and it should favour intermediate values. However, the optimum selected for is determined by the sub-range of the environments at which most of the selection is carried out. Higher values of fl are preferred at the upper (better) side of the environmental range. Since the European ponds fell into this section we have an evolutionary explanation for the high value of /J5 of the European carp, and the opposite holds true for the Chinese carp.
Genetic variation within the European race. Of the three European parental groups, Xaice and Gold suffered conspicuously from severe inbreeding depression in growth rate, viability and adaptation to poor environment. This was reflected in the low rate of growth of these two groups as contrasted with the high degree of heterosis of their F1 crossbred ( fig. 2B ). These results fit well with our earlier findings of relatively high degree of inbreeding depression and heterosis (Moav and Wohlfarth, 1973) .
A notable exception to the above generalisation is Dor-70 which, despite some inbreeding in its last five generations, did not show any manifestation of inbreeding depression. Its crossbred with Xasice, performed almost identically to itself throughout the whole environmental range ( fig. 2A) , while its crossbred with Gold was more or less intermediate ( fig. 2C ).
The above results constitute additional evidence that relatively large genetic variability in rate of growth exists in the European race of the common carp and that a high proportion of this variation is non-additive.
